II reaction centers. After transfer to 4°C, Y(II) decreased further and did not recover over the time 159 period tested. However, the decrease of Y(NPQ) quantum yield and the significant increase in 160 Y(NO) quantum yield indicated that electrons underwent unregulated energy dissipation which 161 might induce free radicals and membrane damage at this low temperature (Figure 2A) . 162 Measurements of CO2 gas exchange showed that the reduced PSII activity, as determined by PAM 163 fluorometry was accompanied by a drastic decline of the CO2 assimilation rate (A) at 4°C but not 164 at 12°C (Figure 2B) . Transpiration rates (E) increased transiently in all three genotypes already at 165 12°C but more severely at 4°C. The elevated transpiration coincided with a chilling-dependent 166 increase in the leaf CO2 concentration, indicating that despite increased stomata opening, activities 167 of Calvin cycle enzymes were greatly reduced (Figure 2B) . 168 To gain insight into global cold-dependent gene expression of sugar beet source and sink tissues, 169 we performed RNA-seq analyses on leaf and taproot tissue of sugar beet plants from the above 170 genotypes exposed to cold (4°C) or control (20°C) conditions. Samples were collected 14 days 171 after transfer from 12°C to 4°C, i.e. when metabolic accumulation of sugars (Figure 1) and 172 photosynthetic rate were maximally contrasting. The obtained RNA-seq reads were mapped to the 173 sugar beet reference genome (Dohm et al., 2013) . Transcriptome sequencing data has been 174 deposited in the GenBank Sequence Read Archive (BioProject PRJNA602804). 175 Exposure to cold induced global rearrangement of gene expression in both shoot and taproot tissues 176 (Supplemental Figure 1 ). We extracted transcript information on genes involved in photosynthesis. 177 In a PC analysis based on expression values in leaf tissue of genes annotated as 'photosynthesis', 178 'photosynthesis.lightreaction', 'photosynthesis.calvin cycle', or 'photosynthesis.photorespiration' 179 by Mapman Ontology for sugar beet, the PC1 separated the temperature treatments in the three 180 genotypes. PC1 explained 84.5%, PC2 7.1% of the variance in expression between 4°C and 20°C 181 within the genotypes (Figure 2C) . Independent genotypes were not clearly separated and (Figure 2E , 189 upper row). Genes related to ROS processing on the other hand displayed differential regulation. 190 Whereas genes encoding Glutathione reductases were upregulated in the cold, genes encoding 191 Superoxide-dismutase or Ascorbate reductase were down-or not significantly regulated, 192 respectively (Figure 2E, bottom row) . In summary, the data demonstrated that sugar beet 193 photosynthesis was extremely sensitive to chilling temperatures below 12°C and suggested that the 194 (hardly occurring) assimilation of CO2 does not completely account for the increase in biomass and 195 sugar determined for leaves of cold-treated sugar beet (Figure 1) . 196 Cold temperatures alter major carbohydrate metabolism in shoots and taproots 197 We investigated whether the reduction of taproot sucrose concentration in the cold could be 198 explained with increased respiration and whether cold conditions would result in differential 199 expression of genes involved in major carbohydrate metabolism (Figure 3) . Respiration in taproot 200 tissue was dependent on the examined part of the taproot, in that it decreased with increasing depths 201 of the surrounding soil ( Figure 3A) . This position-dependent decrease in respiration (proportionate 202 to the depth of soil surrounding the respective part of the taproot) was also observed at 4°C, 203 however, in each part of the taproot, respiration wasin comparison to the corresponding control 204 generally lower when sugar beets had been exposed to 4°C ( Figure 3A) . This data suggested 205 that, in the cold, carbohydrates in the taproot were used for glycolytic and oxidative catabolism to 206 a lesser extent than under the 20°C control condition. In shoots, i.e. in source leaves of all 207 genotypes, on the contrary, respiration increased in the cold ( Figure 3B) , indicating that the mature 208 leaves, which hardly assimilate CO2 at this temperature (Figure 2) , had a high requirement for 209 carbohydrate supply from other sources. One of these sources was probably starch, which 210 decreased in leaves in the cold (Figure 1) . PC and heat map analysis, loaded with expression values 211 of genes assigned as "major CHO metabolism", revealed organ-and temperature-dependent 212 differences ( Figure 3C, Figure 3D ). The first principal component PC1 explained 66.9% of the 213 expression differences between roots and shoots and the PC2 accounted for 17.9% of the 214 differences in expression between 20°C and 4°C. Both organs showed clearer separation at 20°C 
222
Expression levels of sucrose synthesis genes were upregulated in roots in the cold but unchanged 223 in shoots. Sucrose degradation genes, however, were clearly downregulated in roots but slightly 224 upregulated in shoots ( Figure 3D) Figure 3 ). The two SPS isoforms showed differential organ-specific and cold-dependent 231 expression. In shoots of all genotypes, expression of SPSA1 was about 10-fold higher than in roots, 232 when plants had been exposed to 20°C. Cold treatment upregulated its expression in roots up to 233 sevenfold, but did not affect expression levels in the shoot. SPSA2 expression at 20°C was low in 234 shoots but high in roots of all three tested genotypes. The expression of this isoform was previously 235 identified as taproot-specific, glucose-induced, and sucrose-repressed (Hesse et al., 1995) . SPSA2 236 expression was also unaltered or even downregulated (in case of GT2) in shoots upon cold 237 treatment, but, as opposed to SPSA1, SPSA2 expression was induced in taproots of all genotypes.
238
On the protein level, revealed by MS-based analysis of the soluble proteome from the very same 239 taproot tissues as was used for the transcriptome analysis, BvSPSA1 but not BvSPSA2 was slightly The expression of the four sucrose synthase isoforms showed tissue and temperature-dependent Figure 4 ). Both BvSUS1 and BvSUS2 were ten (BvSUS1) to hundredfold (BvSUS2) 250 higher expressed in roots in comparison to shoots. After the cold exposure period, mRNA levels 251 of both isoforms decreased about half in the roots. BvSUS2 transcript levels in shoots increased ten 252 to twentyfold, however, without reaching the high levels in taproots ( Figure 3E) . BvSUS2, but not 253 BvSUS1 was also reduced at the protein level indicating differential protein turnover dynamics of 254 the two isoforms in the cold (Supplemental Figure 4 ).
255
To determine the cellular energy state of shoot and taproots, adenylate levels were measured Figure 2B ) 259 and the increase of respiration in shoots ( Figure 3B ). On the other hand, energization of taproot 260 tissue did not change in the cold. Although ATP levels also increased, ATP/ADP ratios of GT1 and 261 GT2 taproots were unaltered or even decreased in GT3. Also EC of taproots did not increase in the 262 cold but rather decreased in tendency in GT2 and GT3 taproots ( Figure 3F ). Taken together, these 263 data indicate that developing taproots shifted in the cold from a sucrose consuming/storing towards 264 a sucrose synthesizing tissue and that leaves adoptedat least in partcharacteristics of sink 265 tissues.
266
Cold temperatures reverse phloem translocation of sucrose and esculin 267 The above data indicated that cold-induced shoot sugar accumulation was not or only insufficiently 268 fueled by carbon dioxide assimilation, or starch degradation, and suggested that carbon used as 269 building block for shoot metabolites might be remobilized from taproot storage cells. To track the 270 fate of taproot-based carbon after exposure to cold temperatures, we directly fed taproot tissue with 271 radiolabeled 14 C-sucrose by injecting the substance from the exterior into the fleshy parenchymatic 272 taproot tissue of plants grown under 20°C control conditions or cold-exposed plants (5 days at 12°C 273 and then 7 days 4°C). The treated plants were then kept for one more week at control or cold Figure 4C ). However, radioactivity was to some extent detectable in 282 young sink leaves of control plants and extractable from combined shoot petioles ( Figure 4D ). 283 This radioactivity may represent xylem transported sucrose or derivatives due to injury of 284 punctuated vessels as a result of the invasive inoculation procedure. The drastic water loss in shoots 285 upon cold (Figure 1) however indicated that at 4°C radiolabeled sucrose was not efficiently 286 transported to prior source leaves via the xylem but rather via the phloem.
287
To test this hypothesis, we used a strategy less invasive to the organs/tissues examined later, and 288 more realistically mirroring the actual transport of assimilates (including the prior "downward" 
294
Here we observed that blue esculin fluorescence was solely detected in phloem of vascular bundles 295 of source leaves from plants transferred to cold. However, the fluorescence was not only confined 296 to the phloem region but also detected to some small extent in a bundle region interspersed with 297 the yellow fluorescence of the lignified xylem vessels (Figure 4) . At 20°C, esculin fluorescence 298 was never detected in the phloem (Figure 4) . 299 To follow sucrose flow directly from the site of inoculation in the taproots, we performed 300 longitudinal thin sections of taproots inoculated with the radiolabeled sucrose and exposed the Figure 6 ). In taproots from plants grown under control conditions, no such distinct darkening of 306 vascular structures could be observed, although some observed blackening of crown tissue 307 indicated that radioactivity was also transported upwards into the direction of the 308 shoot (Supplemental Figure 7 ). However, in most cases, radioactivity in 20°C taproots was either 309 merely confined to parenchymatic regions near the site of inoculation or concentrated in thick 310 strands that reached from the site of inoculation towards the emergence of lateral roots. These 311 results indicated that radiolabeled sucrose and esculinthe latter first being translocated to the 312 base of the petiole of the loaded leaf and though (at least parts of) the taproot -were preferentially 313 transported from taproots into shoots in the cold but not under control conditions and suggested 314 that sucrose released from parenchymatic storage tissue was also transported in the same manner. Next, we analyzed whether transport of sucrose from taproots to shoots in the cold could be 318 mediated by differential activity of vacuolar sucrose importers and exporters. In Arabidopsis, 319 vacuolar sucrose import and export are mediated by activity of TST1 and SUC4 transporters, Figure 9 ). In the RNA-seq data from the cold-treated genotypes examined 335 in this study, SUT4 mRNA levels increased significantly in taproots in the cold (Figure 5C ). These 343 The observed re-translocation of sucrose from taproots to shoots might represent a preparative 344 metabolic and genetic rearrangement for initiation of flowering. We therefore extracted 345 information on expression of flowering regulator genes and observed significant downregulation was downregulated in the cold. However, in the mentioned study, expression was analyzed after 354 and not during early stages of vernalization. We found that BTC1 and BBX19 were expressed in 355 both, shoots and taproots, and expression of BBX19 in taproots exceeded that in the shoot at 20°C 356 almost threefold. However, potential targets of these encoded loss-of-function proteins, FT1 and 357 FT2 were specifically and exclusively expressed in leaf tissue (Figure 6) . In summary, these data 358 showed that the vernalization process was already transmitted to the expression level of floral 359 regulator genes and that transcriptional changes of related genes did occur in both, shoots and 360 taproots. (Figure 1 and Figure 2) , we recorded 374 decreased CO2 assimilation already at 12°C. As indicated by the increased Y(NPQ) percentage 375 (Figure 2A) , the Mehler-Ascorbate Pathway (Asada, 1999) transporters, e.g. by the already described BvIMP protein (Klemens et al., 2014) . This is because 418 vacuolar invertases -a prerequisite for vacuolar monosaccharide generation and thus exportare 419 hardly active at the analyzed developmental stage (Giaquinta, 1979; Godt and Roitsch, 2006) .
Expression of floral regulator genes is adjusted in the cold

420
The previously explained findings are schematically explained in the following model (Figure 7) . 421 It is surprising that flux transition occurred already pre-bolting i.e. before the formation of an 422 inflorescence that would then act as new sink organ utilizing remobilized taproot sugars as building Respiration of taproots was measured by cutting out 0.5 cm 2 tissue cubes from central taproot 505 regions and measuring CO2 production in a whole-plant cuvette with a volume of 60 cm 3 . Values 506 were normalized to tissue weight.
507
RNA extraction and sequencing
508
RNA was isolated from three biological replicates per genotype, tissue (leaf and root, respectively) 509 and treatment, respectively. About 100 mg frozen plant material were pulverized in a tissue lyser 510 (Qiagen, Hilden, Germany) at 30 Hz for 90 sec. After grinding, samples were again transferred to 511 liquid N2, supplemented with 1.5 ml QIAzol Lysis reagent (Qiagen, Hilden, Germany), vortexed 512 three times for 30 sec, and centrifuged at 4 °C for 10 min at 12,000 g. Supernatants were transferred 513 to fresh tubes, incubated at room temperature (RT) for 5 min, extracted with 300 µl chloroform, 514 vortexed for 15 sec, and centrifuged at 4 °C for 15 min at 12,000 g. Aqueous supernatants were 515 transferred to fresh tubes and RNA precipitated with 750 µl isopropanol for 10 min at RT and spun 516 down at 4 °C for 10 min at 12,000 g. Precipitates were washed with 75% EtOH and the RNA pellets 517 dried at 37 °C for 5-10 min prior to resuspension in 100 µl DEPC-H2O by gentle shaking at 37 °C 518 for 5-10 min. To remove residual contaminants, RNA was further purified using the RNeasy KIT 519 (Qiagen, Hilden, Germany). Per 100 µL RNA suspension, 350 µl RLT buffer (provided with the 520 kit) were added and vortexed briefly. Then, 250 µl ethanol were added and the mixture was Sequencing and assembly were provided as a custom service (GATC GmbH, Konstanz, Germany).
527
The statistical analysis process included data normalization, graphical exploration of raw and 528 normalized data, test for differential expression for each feature between the conditions and raw p- Extracted sugars and hydrolytically cleaved starch were quantified using a NAD+-coupled 556 enzymatic assay (Stitt et al., 1989) .
557
Analysis of phosphorylated metabolites 558 The contents of phosphorylated intermediates (Glucose-6-Phosphate, Fructose-6-Phosphate, 559 Sucrose-6-Phosphate, UDP-Glucose, UDP) were determined according to (Horst et al., 2010) . 
